59-170 or 59-205 did not ( Supplementary Fig. 1a ). GP1D bound Vero cells saturably and more efficiently than GP1 (Fig. 1b) . GP1D, but not the receptor-binding domains of Lake Victoria marburgvirus or severe acute respiratory syndrome (SARS) coronavirus entry proteins, precipitated from Vero cells a protein of 95 kDa under reducing conditions, and approximately 200 kDa under non-reducing conditions (Fig. 1c) . Mass-spectrometric analysis identified this protein as TfR1 (CD71). MACV GP1 efficiently bound a Chinese hamster ovary (CHO) cell line stably expressing human TfR1 (CHO-hTfR1) 10 but did not bind parental CHO cells, confirming a high-affinity association between MACV GP1 and human TfR1 (Fig. 1d) .
We then sought to identify cell lines that were non-permissive to infection by a murine retrovirus pseudotyped with MACV GP. Consistent with previous studies 11, 12 was our observation that murine NIH 3T3 cells and baby hamster kidney (BHK-S) and CHO cell lines were relatively non-permissive to MACV pseudovirus and did not bind MACV GP1. Vero, rhesus macaque LLC-MK2, and human HeLa and 293T cell lines efficiently bound GP1 and were permissive to MACV-GP-mediated infection (not shown). Consistent with the binding study in Fig. 1d was our observation that CHO-hTfR1 cells, but not parental CHO cells, were efficiently infected by MACV pseudoviruses, whereas LASV and lymphocytic choriomeningitis virus (LCMV) pseudoviruses infected CHO-hTfR1 and parental cells comparably (Fig. 2a) . We investigated the ability of an anti-human TfR1 antibody and a control anti-HLA (anti-human leukocyte antigen) antibody to inhibit infection mediated by MACV and LASV GP proteins. Both antibodies efficiently bound HeLa and 293T cells (Fig. 2b , upper panels) but only the anti-human TfR1 antibody inhibited infection by MACV pseudovirus (Fig. 2b, lower panels) . The antihuman TfR1 antibody had no effect on LASV pseudovirus infection. Together, these data indicate that TfR1 is a necessary receptor for MACV.
To determine whether TfR1 contributed to infection by other New World arenaviruses, we investigated infection by JUNV pseudovirus, as well as replication of infectious arenaviruses. Infection of CHOhTfR1 cells by JUNV, but not LASV, pseudovirus was substantially more efficient than infection of parental CHO cells (Fig. 3a) . Like MACV pseudovirus, JUNV pseudovirus infection of 293T cells was inhibited by anti-human TfR1 antibody (Fig. 3b) . Replication of infectious MACV, GTOV, JUNV and SABV in 293T cells was markedly inhibited by anti-human TfR1 antibody, but not by anti-HLA antibody (Fig. 3c) . Nearly identical results were obtained with HeLa cells (not shown). These data indicate that TfR1 is an obligate receptor for each of these New World haemorrhagic fever arenaviruses, despite the diversity of their GP1 proteins, but are consistent with previous studies indicating that these viruses use a common cellular receptor 11, 12 .
Transferrin receptor 2 (TfR2) is similar (54% identity) to TfR1 and binds transferrin. We examined its role in MACV, GTOV or JUNV GP-mediated entry. Infection by MACV, JUNV, LASV, GTOV or LCMV pseudoviruses was not enhanced by the introduction of human TfR2 in CHO or BHK cells ( Fig. 4a ) despite its efficient expression ( Supplementary Fig. 1b ). LCMV has been proposed to use a receptor in addition to a-dystroglycan 11 , but no enhancement of LCMV pseudovirus entry was observed in the presence of human TfR1, indicating that this alternative receptor is not human TfR1.
Transferrin is present at micromolar concentrations in human plasma 13 . We investigated whether iron-bound (holo) transferrin, which binds TfR1 with high affinity, or apo-transferrin, which does not, could modulate the infection of MACV pseudoviruses. Holotransferrin did not interfere with the binding of MACV-GP1 or LASV-GP1 to 293T cells (not shown). Neither holo-transferrin nor apo-transferrin interfered with or enhanced infection with MACV pseudoviruses (Fig. 4b) . Soluble TfR1 is also found in plasma at concentrations of about 20 nM, and up to 150 nM in anaemic individuals 14 . Soluble TfR1 inhibited the infection of 293T cells by JUNV and, to a smaller extent, MACV pseudoviruses (Fig. 4c) . No inhibition of LASV pseudovirus infection was observed.
Depletion of iron in culture medium or in vivo has been shown to upregulate the cell-surface or tissue expression of TfR1 (refs 15-17) . We investigated the effect of iron depletion on MACV, JUNV and LASV GP-mediated infection. JUNV pseudovirus more efficiently infected 293T cells and SLK human endothelial cells preincubated with the iron chelator deferoxamine (Fig. 5a ), used clinically to treat iron toxicity 18 . However, treatment with deferoxamine consistently had a more modest effect on MACV pseudovirus infection. The basis of the lower sensitivity of MACV pseudovirus infection to deferoxamine is not clear, but it may indicate a role for an additional factor, limiting in these assays, in the entry of MACV. LASV infection was unaffected by deferoxamine at all concentrations. We also investigated the ability of excess iron to modulate GP-mediated infection. Ferric ammonium citrate, which downregulates TfR1 (ref. 19 ), efficiently inhibited MACV and JUNV pseudovirus infection but not that of LASV or LCMV. These data show that iron concentrations can modulate the efficiencies of MACV and JUNV infection.
Collectively our data indicate that TfR1 is a necessary cellular receptor for the four New World arenaviruses that cause haemorrhagic fevers in humans. Several properties of TfR1 indicate its possible role in arenaviral replication and disease. It is rapidly and constitutively endocytosed to an acidic compartment, which is consistent with the pH dependence of arenavirus entry 8 . It is expressed ubiquitously, and at high levels on activated or rapidly dividing cells, including macrophages and activated lymphocytes, major targets of arenaviral infection 20, 21 . TfR1 is also highly expressed on endothelial cells 22, 23 , which are thought to be central to the pathogenesis of haemorrhagic fever 24 . TfR1 upregulation on immune cells activated in response to infection may accelerate viral replication in these cells and may in part explain the higher lethality of New World haemorrhagic fevers compared with Lassa fever. Some of these properties may also be useful to canine and feline parvoviruses and to mouse mammary tumour virus, animal viruses that also use TfR1 (refs 25, 26) .
It is well established that cytosolic iron regulates TfR1 expression 16 . We show here that infection mediated by the JUNV GP was increased by depleting the culture medium of iron. These data raise the possibility that iron deficiency might therefore enhance susceptibility to or the severity of Argentine haemorrhagic fever in particular. However, soluble TfR1, which we have shown to inhibit MACV and JUNV GP-mediated infection, is also elevated in iron-deficient animals and can be found in anaemic individuals at concentrations that may inhibit JUNV replication 14 . Further studies will be necessary to clarify the role of iron deficiency as a risk factor in haemorrhagic fevers caused by New World arenaviruses. Our data also raise the possibility that iron supplementation may be useful in moderating these haemorrhagic fevers, because ferric ammonium citrate, which is used to treat anaemia in humans, markedly inhibited infection mediated by MACV and JUNV GP molecules.
Our studies suggest another approach to the treatment of, or prophylaxis for, New World haemorrhagic fevers, namely with a humanized anti-human TfR1 antibody. Several anti-human TfR1 antibodies have been developed and are currently under investigation as anti-tumour therapeutics 21 . Some of these antibodies, like the antibody used in this study, do not compete with transferrin, indicating that an anti-TfR1 antibody can limit arenaviral replication in an infected individual without interfering with iron metabolism. If so, such antibodies may be employed to limit a natural or intentional outbreak of New World haemorrhagic fever. MACV GPC coding sequence (residues 1-496 of Carvallo strain) was built from overlapping oligonucleotides by PCR and cloned into a pcDNA3.1 expression plasmid. MACV GP1-Ig was generated by PCR amplification of GP1 codons 59-258 and cloning into a previously described pcDM8-based plasmid expressing the CD5 signal sequence and the Fc region of human IgG1 (ref. 27 ). Truncation variants of GP1-Ig were generated by a modified QuickChange method (Stratagene). JUNV (MC2), GTOV (VINH-9551) and LASV (Josiah) GPC have been described previously 28, 29 , as have SARS-RBD-Ig and MARV-RBD-Ig (ref. 30) . LCMV (Armstrong) GPC-expressing plasmid was provided by J. de la Torre. Coding regions of human TfR1 and TfR2 were cloned into pCAGGS expression plasmid. Human TfR2 gene was provided by M. WesslingResnick. Soluble human TfR1 (residues 121-760) with an amino-terminal Myc tag was cloned into the modified pcDM8 plasmid described above. Immunoprecipitation and flow cytometry. Ig-fusion proteins used for immunoprecipitation and flow cytometry were produced in SFM II medium (Invitrogen) from 293T cells transfected with the appropriate plasmids. Igfusion proteins, bound to Protein A-Sepharose, were eluted in 3 M MgCl 2 and dialysed against PBS. Anti-human TfR1 (clone M-A712) and anti-HLA-A,B,C (clone G46-2.6) were purchased from BD Biosciences, and anti-human TfR2 (9F8-1C11) was purchased from Cell Sciences. Goat anti-human and anti-mouse secondary antibodies, conjugated with phycoerythrin, were purchased from Jackson Immunological Laboratories. Flow cytometry was performed in PBS containing 2% goat serum, except in experiments with apo-transferrin and holo-transferrin (Sigma), which were performed in 1% BSA.
METHODS
To identify GP1D-Ig-binding proteins, Vero cells were labelled with [ 35 S]-Express (New England Nuclear) for one day, scraped in the presence of a protease inhibitor cocktail (Sigma), incubated on ice with GP1D-Ig for 1 h, lysed in 1% decyl maltopyranoside (Anatrace), precipitated with Protein-A Sepharose (Pfizer-Pharmacia) and analysed by SDS-polyacrylamide-gel electrophoresis (SDS-PAGE). For mass-spectrometric analysis, immunoprecipitates were prepared in a similar manner from unlabelled cells. Coomassie-stained SDS-PAGE bands were excised and then digested in trypsin; tryptic fragments were identified by tandem mass spectrometry (LTQ-FT; ThermoElectron) and the SEQUEST algorithm. Pseudovirus infection. Pseudoviruses were produced from 293T cells by transfecting at 1:1:1 ratio of plasmids expressing murine leukaemia virus gag/pol, arenaviral GP and pQCXIX transduction vector (BD Biosciences) expressing enhanced green fluorescent protein (EGFP), as described previously 30 . Viruscontaining culture supernatant was harvested two days later, and filtered through 0.45-mm filter disks. Anti-human TfR1 and anti-HLA-A,B,C antibodies were dialysed against PBS. Cells were incubated with each of these antibodies at the indicated concentrations for 30 min at 37 uC. Pseudoviruses were added, cells were washed 16 h after infection, and entry level was measured by flow cytometry. To study the effect of tranferrin on viral entry, pseudoviruses were produced in serum-free medium (FreeStyle; Invitrogen). The role of human TfR2 was assessed in BHK cells transfected with pCAGGS-human TfR2 plasmid complexed with Lipofectamine 2000 (Invitrogen). Transfected cells were infected the next day, and the infection level was assessed two days later.
To study the role of iron in arenaviral infection, cells were incubated in complete medium containing indicated concentrations (1-3 mM) of the iron chelator deferoxamine (Sigma) for 24 h, or ferric ammonium citrate (30-100 mg ml
21
) for 1 h. Cells were cooled on ice and infected with pseudoviruses by centrifugation (2,000g) at 4 uC for 30 min. Cells were washed, and GFP expression level was assessed 24 h (293T and HeLa cells) or 48 h (SLK cells) after infection. Antibody inhibition of infectious arenaviruses. All infections of 293T and HeLa cells with LASV (Josiah), MACV (Carvallo), JUNV (XJ-13) GTOV (VINH-9551) or SABV were performed in the BSL-4 laboratory at the Special Pathogens Branch, Centers for Disease Control and Prevention, Atlanta. Infections and immunofluorescence staining were performed as described previously 12 . HeLa and 293T cells were grown on gelatin-treated glass coverslips, preincubated for 30 min with the indicated antibody at 200 nM, and then infected with virus at a multiplicity of infection of 0.1-1.0. At 24 h after infection, cells were washed, fixed with 3% formaldehyde, permeabilized with 0.1% Triton X-100 and incubated with mouse hyperimmune sera specific for New World or Old World arenaviruses. Cells were then washed and incubated with fluorescein isothiocyanate-conjugated secondary antibody.
